Abstract
INTRODUCTION
Plant foraging, the intended exploitation on benign resources in the face of environmental heterogeneity, is one of the most crucial aspects of plant behavior (de Kroon and Hutchings 1995; Hutchings and de Kroon 1994) . Unlike animals, higher vascular plants capture resources generally through two layers-absorb the light by photosynthetic structures and assimilate the soil nutrient by root or rootlike modules (Grime 1994) . Thus, the uneven distribution of resources such as light and soil nutrients could trigger both morphological and physiological foraging responses of plants (Hutchings and de Kroon 1994) . The foraging strategies of plants mainly present in two categories: (i) non-clonal plants concentrate abundant roots, where the nutrient levels are relatively high (Fransen et al. 1998; Hodge et al. 1998; Robinson et al. 1994; Robinson 1996) ; (ii) clonal plants exploit the soil by stolons or rhizomes and place the ramets into the nutrient-rich microsites purposefully (de Kroon and Knops 1990; Kleijn and van Groenendael 1999; Macdonald and Lieffers 1993; Salzman 1985; Xiao et al. 2006) . It is noteworthy that the clonal plants own the ability the nonclonal own or so (Xie et al. 2007) . For light resources, to effectively utilize the light, two strategies of shade avoidance and shade tolerance are employed in the face of light shortage or heterogeneity. In terms of shade avoidance, non-clonal plants could alter the branching angle and clonal plants could change the distribution pattern of offspring to occupy light-rich sites or escape light-poor sites (Henry and Aarssen 2001; Xiao et al. 2006) . The above two approaches of shade avoidance, which are triggered by low red:far red light ratios, enable plants to invest more photosynthetic structures in light-abundant areas to enhance the light interception (Henry and Aarssen 2001) . Nevertheless, in light of 'carbon gain hypothesis', shade tolerance strategy facilitates plants to maximize photosynthetic potential through shadeadapted leaf physiology such as increasing their SLA, lowering chlorophyll a:b ratios and increasing photosystem (PS) II:I ratios (Evans and Poorter 2001; Givnish 1988; Henry and Aarssen 2001; Melis and Harvey 1981; Valladares and Niinemets 2008) .
It is noteworthy that soil physical properties also affect the foraging selection of plants (Schmid and Bazzaz 1990) . Root foraging may be restricted by increasing soil mechanical resistance (Bengough et al. 2011; Tracy et al. 2011) . Moreover, decreasing soil particle size would decrease root-shoot ratio and affect the capacity of root exploitation (Huang et al. 2013) . Generally, soil physical properties affect the resource hospitability for plant foraging through resource availability regulation (Lynch and Brown 2012) . Alternatively, previous simulated studies on plant foraging behavior triggered by soil nutrient heterogeneity usually neglected the influence of soil physical properties especially for aquatic plants (Xiao et al. 2006; Xie et al. 2007 ). This may be because, comparing to terrestrial plants, to aquatic macrophytes especially submersed growth form, precise heterogeneous soil nutrient supply is hardly to be simulated due to water.
Although various approaches are applied by plants to forage, the manifestation of foraging behavior could be summarized as an expression of phenotypic plasticity (de Kroon and Hutchings 1995) . Phenotypic plasticity plays a crucial role in explaining the different responses of form and function to environment heterogeneity (Grime 1994) . Adaptive phenotypic plasticity could maximize the plant performance in the face of environmental heterogeneity (Pigliucci 2001) . Although the cost of phenotypic plasticity truly exists, it is generally more beneficial (Berrigan and Scheiner 2004) . Moreover, resource exploitation and plant growth are in intimate relation (Stoll et al. 1998) . Thus, the foraging behavior may be advantageous for plant growth. Hence, as an important trait of plant performance, relatively optimal biomass accumulation may be intimately correlated with plant foraging behavior (Wang et al. 2013) .
In aquatic ecosystem, environmental resources such as soil and light fluctuate at small scale frequently (Santamaria 2002) . In an evolutionary view, the bradytelic aquatic macrophytes evolve high phenotypic plasticity to cope with these diversified environments (Santamaria 2002; van Groenendael et al. 1997) . And it is one of the key factors that enable aquatic plants to occupy wider landscapes than terrestrial neighbors (Santamaria 2002) . Moreover, clonal plants constitute a major functional group of macrophytes (Duarte et al. 1994) . As a pattern of clonal plasticity, the foraging behavior of aquatic clonal plants plays a critical role in the plant performance (Xiao et al. 2006) . However, by far studies have concerned little on foraging behavior of aquatic plants.
In summary, the clonal mobility enables stoloniferous clonal plants to exploit benign patches in heterogeneous environments (Evans and Cain 1995) . Generally, the foraging behavior of clonal plants is achieved through intended placement of more foraging structures (e.g. ramets) in more hospitable habitats (Gao et al. 2012; Xiao et al. 2006; Ye et al. 2015) . As a type of phenotypic plasticity, the clonal plasticity reflected in foraging behavior enables the adaptation of clonal plants to heterogeneous environments, which probably benefits the clonal plants through the optimalization of plant performance (de Kroon and Hutchings 1995; van Kleunen and Fischer 2001) . In our experiment, the clonal fragments of Potamogeton maackianus A. Benn were subjected to integration of different substrates and variable light conditions. Following hypotheses are tested: (i) The foraging behavior helps the plant in heterogeneous environments to remain in favorable sites by clonal mobility and ramet placement, and (ii) Plant performance homogenization in the measurement of biomass is achieved through adaptive phenotypic plasticity in the variable environments.
MATERIALS AND METHODS

Plant material
Potamogeton maackianus A. Benn is a stoloniferous submerged clonal plant dominated in some shallow lakes of the middle and lower reaches of Yangtze River (Jin and Cui 1996) . This slow-growing perennial pondweed reproduces mainly in asexual ways by the regeneration of stolon fragments and shoot fragments (Yuan et al. 2006) .
Two hundred ramets of P. maackianus with the similar morphology (10 cm in shoot length, 12-14 leaves) were collected from a natural population in Liangzi Lake (30°05′-30°18′N, 114°21′ -114°39′E) on 23 September 2013. And then they were transplanted into four boxes (60 cm width × 40 cm length × 20 cm height) with 6 cm thick sandy clay and full lake water. After 4 weeks, 20 rooted ramets with uniform size were selected for the experiment.
Experiment set-up
Two substrate types were designed: the homogeneousa mixture of full lake clay (organic matter content: mean ± standard deviation, 0.048 ± 0.006 g.g −1 ; particle size: < 75 μm) and sand (organic matter content: mean ± standard deviation, 0.004 ± 0.001 g.g −1 ; particle size: 300-880 μm) with the same volume and the heterogeneous-two adjoined patches of clay and sand with the same volume. Considering water adding would roil the soil, we created above patches with wet clay and wet sand. The total resource amount of the two substrate types was identical. Two levels of light conditions were controlled: the non-shaded-full natural daylight, and the half-shaded-one patch area was selectively shaded by a shading cloth to establish light-rich zone (full natural daylight) and light-poor zone (10% full natural daylight) (Fig. 1) . The ramets were transplanted into the central buffer zone (a mixture of full lake clay and sand with a volume ratio of 1:1) of each substrate (Fig. 1) . Following five treatments were designed: HoN (the homogeneous + the non-shaded), HeN (the heterogeneous + the non-shaded), HoS (the homogeneous + the half-shaded), HeS1 (the heterogeneous + the clay patch shaded) and HeS2 (the heterogeneous + the sand patch shaded). The average temperature was 11.5°C, relative humidity was 79.8% and total sunshine duration was 844.11 h during the experimental period. All the treatments were replicated four times in 20 aquariums (60 cm in diameter and 80 cm in height), and all the treatments and replicates were randomly positioned outdoors and repositioned every other week to minimize the effect of position during the experimental period. All the aquariums were full filled with equal volume of lake water at the same time slowly and carefully. During the experiment, the algae were removed cautiously and the lake water was full added to compensate for the loss of evaporation using equal volume of lake water at the same time.
Measurements
On 23 April 2014, the experimental plants were harvested after 26 weeks of growth. In half-shaded treatments, the shoots in light-rich zones and in light-poor zones were harvested separately. In the treatments of patchy substrates, the phenomenon of 'sidewalk' occurred, which refers to the stolon distribution on the edge of sand patches and formed a line adjacent to the boundary of the two patches (Fig. 2) . Moreover, merely a small quantity of roots penetrated into clay patches. And the roots in clay patches were harvested separately from the plant bodies. The branching angle of each ramet-angle between the ramet and the stolon-was measured with a protractor and the mean was defined as branching angle. The minimum (F0) and the maximum (Fm) fluorescence yield were measured for three fully developed, healthy leaves at the same morphological positions (the leaves on the third, fourth and fifth leaf node close to the apical end of ramet) on the four daughter ramets adjacent to genet after a dark adaptation of at least 20 min sufficient for photosystem II (PS II) reaction centers to open by a portable chlorophyll fluorometer (DIVING-PAM, Walz, Effeltrich, Germany) with the saturation pulse method (Schreiber et al. 1998) . The maximum quantum yield of PS II (Fv/Fm) was calculated as (Fm−F0)/Fm. Fv/Fm reflects the maximal PS II efficiency and Fv as the difference between Fm and F0 indicates the variable fluorescence. And the apical leaves on the first, second, third, fourth and fifth node of the three daughter ramets adjacent to genet were selected to test chlorophyll content of apical leaves (CCAL). And the whole roots on the fifth foraging site adjacent to the genet root site were separated and scanned with Epson V700 to 1:1 high definition images (tiff format, 600 dpi). Then WinRHIZO Pro 2009a (Regent Instruments Inc., Quebec, Canada) was applied to analyze root surface area and root length. Then, the remnant roots, stolons and shoots were separated from plant bodies. All the separated parts were oven-dried at 70°C for 72 h to determine biomass. Specific root area (SRA) and specific root length (SRL) were calculated as follows: SRA = root surface area/root mass and SRL = root length/root mass. No flowers or fruits were formed in the experimental period.
Obviously, substrate types affected the foraging site distribution of daughter ramets. In comparison with the foraging site distribution in homogenous substrates, the foraging site distribution was more 'clumped' in heterogeneous substrates (Fig. 2) . And this 'clumped' distribution of foraging sites was summarized as 'sidewalk' here.
Statistical analysis
Two-way ANOVA was used to explore the effects of substrate type and light condition on biomass, SRA, SRL, branching angle, CCAL and Fv/Fm. If a significant treatment effect was detected, post hoc pair-wise comparisons of means were manipulated to examine differences between treatments using the Studentized Tukey's honestly significant difference (HSD) test for multiple comparisons. One-way analysis of variance (ANOVA) was used to test the effects of light and substrate type on root mass distribution of daughter ramets and shoot mass distribution, respectively, followed by posteriori comparisons with Tukey test. For all analyses, all data met assumption of normality and homogeneity of variance after manipulating Shapiro-Wilk test and Levene's test, respectively, so that transformations were not necessary. All data analyses were performed using SPSS 19.0 (SPSS, Chicago, IL, USA).
RESULTS
Both substrate and light had no significant effects on biomass (Table 1 ; Fig. 3a) . Substrate but not light had significant effects on SRA and SRL, and the higher SRA and SRL in heterogeneous substrates were only found under non-shaded conditions (Table 1 ; Fig. 3b and c) . Both substrate type and light availability had significant effects on the branching angle of ramet, while the interaction between the two factors was insignificant (Table 1) . Under half-shaded conditions, substrate heterogeneity induced Table 1 and Materials and Methods section.
a lower branching angle, while the notable decrease existed only in HeS2 (Fig. 3d) . In heterogeneous substrates, the branching angle in the treatment of HeS2 was lower significantly than that of HeN treatment (Fig. 3d) . Both substrate and light had no significant effects on CCAL but on Fv/Fm (Table 1 ; Fig. 3e and f). Moreover, the interaction between the two factors was significant in Fv/Fm (Table 1 ). The value of Fv/Fm was lowest in the treatment of HoN and no significant variation existed in the remaining four treatments (Fig. 3f ).
Owe to 'sidewalk', ~95% of root mass distributed in nutrient-poor patches, while 5% penetrated into clay patches (Fig. 4a) . The variation of both foraging site distribution and branching angle enabled the plant to invest more shoots (~89%) in light-rich zone with half-shaded treatments of HoS, HeS1 and HeS2 (Fig. 4b) .
DISCUSSION
The 'compromising' foraging behavior
Normally, previous studies on foraging behavior of clonal plants showed that clonal plants usually place more foraging structures (e.g. ramets) in resource-rich microsites when experiencing patchy environments (de Kroon and Knops 1990; Kleijn and van Groenendael 1999; Macdonald and Lieffers 1993; Salzman 1985; Xiao et al. 2006) . However, the norm of foraging in our experiment is in contrast. Firstly, unlike the random ramet placement in homogeneous substrates, in heterogeneous substrates the ramets distributed approximately a line on the edge of sand patches along the borders of the two soil patches. Secondly, owing to the limitation of 'sidewalk', the Table 1 and Materials and Methods section.
foraging for light resource is presented via the alteration of mean branching angle toward light-rich patches in halfshading treatments.
We suggested that the ramet lineage on sand patch revealed a weak adaptation of clonal exploitation of P. maackianus to clay patch. Although the nutrient level of clay is higher, the texture of clay is more compact than sand. Generally, compact soil may lead to the penetration resistance to root growth (Batey and McKenzie 2006; Grant 1993) . The nutrient availability of clay may be reduced by its compact texture as well (Stark 1994) . Thus, fine clay may be inhospitable for the foraging of ramet roots (Dou et al. 2010; Handley and Davy 2002; Sand-Jensen and Møller 2014) . Hence, the idiosyncratic phenomenon of 'sidewalk' may be explained as an adaptation of ramet placement to the high soil compaction contrast. Alternatively, sand may be more advantageous for the ramet establishment. It is noteworthy that the foraging sites were located adjacent to the edge of clay patches and a minority of roots still penetrated into the clay patches. The richer soil nutrients in the inhospitable clay may release a signal to lure the foraging. Due to the soil texture heterogeneity, the empirical thoughts of root foraging in relatively fertile patches alter (Hodge 2004; Maestre et al. 2005; Maestre and Reynolds 2007) .
The alteration of branching angle is one of the properties of phenotypic plasticity induced by environmental heterogeneity (Cain et al. 1996; Oborny and Cain 1997) . For example, several studies identified the alteration of branching angle as an adaptive behavior for light foraging (Ballaré et al. 1991; Ballaré et al. 1992) . In our experiment, the decrease of branching angle enables the plant to capture more light and escape the unfavorable light-poor patch in half-shaded treatments.
The foraging pattern of P. maackianus is a 'compromising' choice when facing the highly contrast environment heterogeneity in our experiment. And this unique module assignment for an aquatic clonal plant displays a more sessile non-clonallike pattern rather than a mobile clonal-like one. It indicates that the interpretation of clonal plants to environmental cue of heterogeneity is more complex than previous thoughts.
Adaptive phenotypic plasticity plays a functional role to homogenize the plant performance
Plant performance as biomass accumulation can be increased by soil nutrient heterogeneity (Zhou et al. 2012) . The scattered distribution of soil nutrient in homogeneous patches may increase the cost of foraging (Bloom et al. 1985; Stuefer et al. 1996) . Hence, at a relatively short temporal scale, high-contrast patches facilitate the overall performance of plants in comparison with homogeneous patches (Zhou et al. 2012) . However, the biomass of plants in all treatments showed no difference in our experiment. Previous studies indicated that high resolution of patches improves the foraging accuracy of both clonal and non-clonal plants (Hodge 2004; Hutchings and de Kroon 1994) . While, in our experiments, the root foraging of heterogeneous substrates existed counterintuitively as more roots concentrated on sand patches owing to the impedance of clay patches. On the other hand, the differentiation may ultimately be homogenized as the discrepant resource uptake from heterogeneous patches has rendered the homogeneous ones (Hutchings et al. 2003) . Moreover, proved that soil heterogeneity is not so favorable for root foraging behavior in a long-term study. Due to the impedance of clay to root penetration, ~95% of root mass with higher SRA and SRL invested into the sand patches in our experiment. As an adaptive mechanism, the increase of SRA and SRL could enhance the capacity of soil nutrient uptake in the face of low resource availability although it is species specific (Hutchings and de Kroon 1994; Lambers and Poorter 1992; López-Bucio et al. 2003) . Thus, as the experimental period is relatively long for 26 weeks, a consistent function of roots may be operated, and then led to the consistent biomass. Table 1 and Materials and Methods section.
The shortage of light in the half-shading treatments enabled the plants to occupy the light-rich patches via ramet placement in homogeneous substrates and decrease the branching angle toward the light-rich patch in heterogeneous substrates. All these morphological alteration increased the shoot investment in light-rich patch and maximized the effective leaf area for photosynthesis (Valladares and Niinemets 2007) . Thus, a similar photosynthetic capability was shown in the measurement of CCAL. Besides, the increase of Fv/Fm might be a compensation for the light shortage in half-shaded treatments. Hence, adaptive physiological plasticity plays a functional role in the homogeneity of plant performance in terms of biomass as well.
Potamogeton maackianus is a dominated submerged plant species in some shallow lakes of the middle and lower reaches of Yangtze River (Jin and Cui 1996) . Hitherto, P. maackianus is a keystone submerged species of the aquatic plant communities in Liangzi Lake (Ge et al. 2003) and some growth strategies probably confer certain survival advantages on P. maackianus. In our experiment, synergy of soil nutrient heterogeneity and soil texture heterogeneity induced idiosyncratic 'sidewalk' rather than clonal foraging of this species. For the adaptation to nutrient-poor sand, increase of SRA and SRL may improve the ability of nutrient assimilation. To resist shade stress, both morphological modification of branching angle alteration and physiological compensation of Fv/Fm reinforcement assisted photosynthetic maximization. These traits, which optimized the plant performance in terms of biomass in variable environments, may be an explanation for its domination. Nevertheless, in recent years, P. maackianus has been suffering huge population loss in some shallow lakes for instance Taihu Lake and Changhu Lake in an era of global environmental change (Gu et al. 2005; Hao et al. 2015) . The conservation and management of this species need supports from further scientific research. 
